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Abstract 11 
The versatile properties of graphene-based materials are enabling various tissue regeneration, 12 
towards meeting an ever increasing demand for replacement tissues due to injury through 13 
trauma and disease. In particular, an innate ability for graphene to promote osteogenic 14 
differentiation of stem cells, combined with the potential to enhance the biological activity of 15 
cells through electrical stimulation (ES) using graphene, supports its use for osteoinduction or 16 
reconstruction. In this paper, we describe a miniaturized graphene-cellulose (G-C) scaffold-17 
based device that incorporates electroactive G-C ‘paper’ within a polystyrene chamber for 18 
concomitant cell culture and ES. The G-C electrodes possessed lower impedance and higher 19 
charge injection capacity than gold (Au) electrodes, with high stability. By coupling ES with 20 
previously reported properties of the G-C scaffolds, we have advanced the platform for 21 
improved adipose derived stem cell (ADSC) support and osteogenic differentiation. We 22 
anticipate using the G-C scaffold-based ES device for in vitro modelling of osteogenic 23 
induction, bone tissue engineering and in vivo bone regeneration towards new therapeutic 24 
strategies for bone injury and disease. Furthermore, the device could reasonably be used for ES 25 
and culture of other cell types and engineering other tissues.   26 
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1. Introduction 1 
An increasing demand for bone implants worldwide due, in part, to rising life 2 
expectancy is driving the development of bone tissue engineering approaches to treat injury 3 
from trauma and disease. Human adipose stem cells (ADSCs) offer significant potential for 4 
bone tissue engineering since they are easy to source as self-renewing cells that can be 5 
expanded to large cell numbers ex vivo. They also undergo osteogenic differentiation and can 6 
be used for autologous therapy [1, 2]. Graphene, as an important carbon nanomaterial, is 7 
distinguished by its superior performance for a variety of biomedical applications, including 8 
human tissue/organ regeneration [3]. In particularly, graphene based materials have attracted 9 
considerable interest for osteo-induction or reconstruction due to an innate ability to promote 10 
(without additional inducers) osteogenic differentiation of several stem cell types, including 11 
ADSCs [4]. As reported by others, the underlying mechanisms of graphene-enhanced stem cell 12 
osteogenesis involves activation of physiologically-relevant mechanotransduction pathways by 13 
graphene and facilitation of cell anchorage by the mechanical in-plane stiffness and 14 
topographical features of graphene [5, 6]. Additionally, graphene has high electrical 15 
conductivity and therefore the potential to be used for electrically stimulating cells and tissues 16 
in vitro or in vivo. Electrical stimulation (ES) has been shown to promote migration, 17 
proliferation and differentiation of stem cells, including neural stem cells, bone marrow stromal 18 
cells, and ADSCs through modulation of intracellular signalling [7-12]. Previous studies have 19 
shown that intracellular calcium/calmodulin pathway, downstream calcineurin/NFAT 20 
signalling pathway, and master osteogenic transcription factor runt-related transcription factor 21 
2 can be activated by ES, resulting in enhanced osteogenic differentiation of stem cells [13-22 
15]. Notwithstanding the putative benefits of ES, there is a need for advanced biocompatible 23 
ES devices that omit the use of conventional electrodes such as metal electrodes for more 24 
optimal cell-compatibility, avoiding, for example, unwanted biochemical effects of corrosion 25 
and poor physical integration with cells and tissues [7].  26 
We and others have shown that graphene-based materials are capable of supporting and 27 
enhancing stem cell growth and differentiation towards osteogenic lineage [16-19]. Most 28 
recently, we have reported the development of graphene-cellulose (G-C) ‘paper’ for 3D human 29 
ADSC support and osteoinduction [20]. The G-C paper is electrically conductive, has an 30 
intricate 3D architecture, is robust, flexible, cytocompatible, easy-to-fabricate and amenable 31 
for large-scale production [20], and is therefore advantageous over other graphene-based 32 
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scaffolds [17, 21, 22]. Here we describe the use of our G-C paper to develop a device for 1 
augmented osteogenic differentiation by ES of ADSCs. Briefly, the G-C paper was applied as 2 
a cell supporting electroactive scaffold for externally applied ES using an electrical stimulator. 3 
We have shown that the G-C scaffold electrode is stable and can achieve lower impedance and 4 
higher charge injection capacity than an Au electrode. ADSCs can be maintained on the 5 
scaffold with externally applied ES augmenting stem cell proliferation and osteogenic 6 
differentiation. The platform is both scalable and potentially adaptable to a variety of other 7 
cells and tissues, for use in basic research through to clinical-grade tissue development.  8 
 9 
2. Experimental section 10 
2.1. Materials 11 
G-C scaffolds were prepared using previously described materials [20]. In addition, for 12 
the present studies, Nunc® Lab-Tek® II chambered coverglass (polystyrene), L-ascorbic acid-13 
2-phosphate, dexamethasone and β-glycerophosphate were purchased from Sigma-Aldrich 14 
(USA). Au coated Mylar was purchased from Solutia Performance Films and clear RTV 15 
silicone adhesive sealant was purchased from Permatex (USA). Copper tape with adhesive 16 
backing was purchased from ProSciTech (Australia) and human ADSCs were obtained from 17 
Lonza Corporation (Australia). Gibco Dulbecco’s Modified Eagle Medium (DMEM), non-18 
essential amino acids (NEAA) solution, foetal bovine serum (FBS), penicillin, streptomycin, 19 
basic fibroblast growth factor (bFGF), calcein AM, propidium iodide (PI) and PrestoBlue® 20 
were obtained from Thermo Fisher (Australia). Methanol and acetic acid were purchased from 21 
Chem-Supply (Australia). 22 
 23 
2.2. Preparation of G-C scaffolds 24 
An aqueous graphene oxide (GO) suspension (4.5 mg/ml) was synthesized by modified 25 
Hummers method and used for G-C scaffold fabrication [20, 23]. G-C scaffolds were prepared 26 
according to previously described method [20]. Briefly, cellulose tissue paper (Kimberly-27 
Clark, Australia) was laser cut (ULS PLS6MWLaser Engraver) to 1.5 cm × 3 cm size, 28 
deposited with 45 μl of 4.5 mg/ml GO aqueous dispersion, and dried at 100 oC for 2 min using 29 
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a hotplate. The GO coating and drying was repeated 3× followed by reduction in 50 mM L-1 
ascorbic acid solution  at 80 °C for 3 h and drying again at 100 oC on a hotplate [24].    2 
 3 
2.3. Assembly of ES device 4 
The fabricated G-C scaffolds were assembled into an ES device as illustrated in Fig. 1. 5 
Strips of G-C scaffolds (3 cm × 0.5 cm) were mounted in parallel onto a glass slide (Sail Brand, 6 
China), and a polystyrene chamber (0.7 cm2/well; with an open bottom and top, and removable 7 
lid) was carefully positioned on top and fixed into position overnight using silicon adhesive 8 
sealant. Copper tapes with adhesive backing were then adhered to both sides of the glass slide 9 
so as to contact the G-C scaffold strips, while extending beyond the polystyrene chamber. The 10 
assembled device was immersed in 70% ethanol solution for 3 h, UV irradiated for 2 x 20 min 11 
and dried for 10 h in a laminar flow cabinet. The device was then connected to an electrical 12 
stimulator using copper wires (Diameter: 2mm).  13 
 14 
2.4. Scanning electron microscopy  15 
Scanning electron microscopy (SEM) of G-C scaffold was performed using a JEOL 16 
JSM-6490LV SEM.  17 
 18 
2.5. Raman spectroscopy 19 
Raman spectroscopy (JobinYvon Horiba HR800 Raman spectrometer, Japan) with 20 
632.8 nm diode laser excitation on a 300 lines mm-1 grating was used to characterize the coated 21 
GO or graphene layer structure of GO-cellulose scaffold or G-C scaffold, respectively. 22 
 23 
2.6. X-ray photoelectron spectroscopy 24 
X-ray photoelectron spectroscopy (XPS) was performed with a SPECS PHOIBOS 100 25 
Analyser (Japan) and an Al Kα (1486.6 eV) X-ray source to characterize surface states of 26 
5 
 
synthesized G-C scaffold, GO-cellulose scaffold and uncoated cellulose scaffold. Obtained 1 
XPS data were analysed with CasaXPS2.3.16 software package. 2 
 3 
2.7. Electrochemical characterisation 4 
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 5 
performed using a CHI660D potentiostat. An Au electrode (5 mm × 20 mm) was prepared by 6 
cutting Au-coated Mylar film with a working size of 5 mm × 5 mm, and a G-C scaffold 7 
electrode (5 mm  × 20 mm) was prepared by gluing a G-C scaffold electrode onto a polystyrene 8 
film with a working size of 5 mm × 5 mm. Measurements were performed using a three-9 
electrode setup, with the tested electrode (Au electrode or G-C scaffold electrode) as the 10 
working electrode, and a platinum (Pt) wire and silver (Ag)/silver chloride (AgCl) electrode 11 
serving as a counter electrode and reference electrode, respectively. Testing was carried out in 12 
phosphate buffered saline (PBS) solution (1x, pH 7.4). For CV, the potential of a working 13 
electrode was swept between -1.5 V to 1.0 V with a scan rate of 0.1 V/s. For EIS, measurements 14 
were performed between 0.1 Hz to 100 kHz using RMS AC signal with an amplitude of 10 15 
mV. Electrode stability was tested with multiple CV scanning at a scan rate of 1 V/s between 16 
-1.5 V to 1.0 V. EIS was performed afterwards for comparative performance of electrode initial 17 
impedance. 18 
 19 
2.8. ADSC culture and differentiation 20 
ADSCs were cultured in ADSC growth medium (initial cell seeding density: 2x104 cells 21 
per cm2 for working ADSC stock culture), consisting of DMEM with 1% penicillin-22 
streptomycin, 10% FBS, 1% NEAA, 1 ng/ml bFGF. Cell cultures were incubated in a 23 
humidified atmosphere at 37 °C with 5% CO2. For ADSC differentiation, cells were maintained 24 
for a minimum of 2 weeks in growth medium supplemented with 50 μM L-ascorbic acid-2-25 
phosphate, 10 nM dexamethasone and 10mM β-glycerophosphate (differentiation medium) 26 
[25]. For both ADSC culture and differentiation, media were changed every 2 days. 27 
 28 
2.9. Live/dead ADSC analysis  29 
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Live ADSCs were stained using calcein AM (5 μg/ml) and dead cells were stained using 1 
PI (1 μg/ml) according to the manufacturer’s instructions. Scaffolds with cells were incubated 2 
with the reagents at 37 oC in a humidified atmosphere with 5% CO2 for 30 min. Images were 3 
obtained using an AxioImager microscope (Zeiss, Germany) following a media change.  4 
 5 
2.10. Optimization of applied voltage for ES 6 
ADSCs were cultured in the ES device with ADSC growth medium (initial cell seeding 7 
density: 4 x 104 cells per cm2). An A310 Accupulser Digital Stimulator (World Precision 8 
Instruments, USA) was used to generate stimulation waveforms and A365 Stimulus Isolators 9 
(World Precision Instruments, USA) were used to transform waveforms into current output, 10 
while the system was monitored by an e-corder system (eDAQ Pty Ltd, Australia). The 11 
following day, the devices with cells were subjected to 1 h symmetric biphasic square pulses 12 
at 0 V/cm, 1 V/cm, 10 V/cm and 20 V/cm with phase duration of 1 s and interphase interval of 13 
200 ms, respectively. The ES settings were based on previously published research [14, 15], 14 
with biphasic stimulation chosen to prevent excessive charge accumulation at the electrode–15 
cell/tissue interface that could result in cell/tissue damage [26, 27]. In addition, excessive 16 
charge accumulation at the electrodes can hinder the flow of current from the stimulating 17 
electrodes [28]. Following stimulation, cells were assessed 3-4 h later by live/dead cell 18 
analysis. 19 
 20 
2.11. ADSC alignment analysis 21 
Cells were seeded onto the substrate at 2.6 x 104 cells per cm2 in the ES device. ES 22 
(symmetric biphasic square pulses: 1 V/cm, 1 Hz, 200 ms, 1h per day) was initiated the 23 
following day, with culture medium refreshed every 2 days over the culture period. Orientation 24 
of calcein AM and PI labelled ADSCs cultured on G-C scaffolds for 28 days with or without 25 
ES was quantitatively analysed with ImageJ, whereby 0° was defined as cell alignment parallel 26 
to electric current flow direction and 90° defined as cell alignment perpendicular to electric 27 
current flow direction.  28 
 29 
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2.12. ADSC proliferation analysis 1 
Cells were seeded into growth medium at 2.6 x 104 cells per cm2 in the ES device. ES 2 
(symmetric biphasic square pulses: 1 V/cm, 1 Hz, 200 ms) was initiated the following day, with 3 
growth medium refreshed every 2 days over the culture period. ES was applied 1 h per day 4 
over 21 days and cell proliferation was determined with PrestoBlue® cell viability reagent on 5 
1, 3, 7, 14 and 21 days in accordance with the manufacturer`s instructions. Fluorescence 6 
intensity of the samples was measured with a microplate reader (POLARstar Omega, Germany) 7 
at 544 (ex)/ 590-10 (em) nm. 8 
 9 
2.13. Mineral deposition analysis 10 
ADSCs were seeded into growth medium or differentiation medium at a density of 1.5 11 
x 104 cells per cm2 in the ES device. Culture media were changed every 2 days. ES (symmetric 12 
biphasic square pulses: 1 V/cm, 1 Hz, 200 ms) was initiated the next day, with non-ES cultures 13 
concomitantly maintained. ES was applied 1 h per day over 3 weeks, and all study samples 14 
were subsequently fixed in 3.7% paraformaldehyde/PBS solution for 30 min and rinsed in 15 
Milli-Q water. Samples were then stained with Alizarin Red-S solution (0.6%, pH 4.2) for 20 16 
min at room temperature followed by several rinses with Milli-Q water. Stained samples were 17 
processed in 20% methanol and 10% acetic acid for 30 min, after which 200 μl of the solution 18 
from each sample was transferred into a 96-well plate and screened for absorbance with a 19 
microplate reader (POLARstar Omega, Germany) at 450 nm. 20 
 21 
2.14. Alkaline phosphatase analysis  22 
Cells were seeded into growth medium or differentiation medium at a cell density of 23 
1.5 x 105 cells per cm2 in the ES device. ES (symmetric biphasic square pulses: 1 V/cm, 1 Hz, 24 
200 ms, 1 h per day) was applied the next day after cell seeding, while control samples without 25 
ES treatment were also prepared. Culture media were changed every 2 days. Intracellular ALP 26 
activity of cells was measured by performing an ALP activity assay (BioVision, USA) on days 27 
1, 3, 7, and 14 of cell culture, according to the manufacturer’s instructions. Briefly, 300 μl 28 
Assay Buffer was added to each chamber of the device and incubated for 30 min at 37 °C. 29 
Then, 0.5 mM phosphatase substrate solution was mixed with the obtained ALP-containing 30 
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lysis solution for a reaction time of 30 min at 25 °C under light-proof conditions. The resultant 1 
solution from each sample was transferred into a 96-well plate and screened for absorbance 2 
using a microplate reader (POLARstar Omega, Germany) at 360 (ex)/440 (em) nm. 3 
 4 
2.15. Statistical analysis 5 
All the experiments were performed in triplicate and data are represented as mean ± 6 
standard deviation (SD) unless otherwise indicated. Results were analysed using two-way 7 
ANOVA with Bonferroni`s post hoc test (OriginPro 2015). Homogeneity of variance tests 8 
(Levene`s Test) were performed to confirm statistical assumptions for two-way ANOVA were 9 
satisfied. If homogeneity of variance was satisfied (P > 0.05), statistical significance of two-10 
way ANOVA was set at P < 0.05. If homogeneity of variance was not satisfied (P < 0.05), 11 
statistical significance of two-way ANOVA was set at P < 0.01. 12 
 13 
3. Results and discussion 14 
3.1. Material characterisation 15 
Morphology and microstructure of the G-C scaffold were assessed by SEM (Fig. 2A-16 
C). Graphene was uniformly deposited onto the cellulose substrate and showed porous features 17 
decorated through the structure (Fig. 2A). Cellulose fibres were entirely coated with graphene 18 
and graphene layers bridged between fibres (Fig. 2B-C). Raman spectrum shows two 19 
characteristic features of graphitic material structures, i.e. D band (∼1330 cm−1) and G band 20 
(∼1580 cm−1) (Fig. 2D and S1A). The bands reflect graphene structure disorders and degree 21 
of graphitization, respectively [29]. ID/IG (Ratio of D band and G band intensities) were ∼1.10 22 
(GO-cellulose scaffold) and ∼1.56 (G-C scaffold), which demonstrates restoration of sp2 23 
carbon during reduction and defects acquired in the oxidation/reduction process [30]. Moreover, 24 
the 2D band (~2630) and S3 band (~2880) of G-C scaffold increased compared with GO-25 
cellulose scaffold after chemical reduction, indicative of improved graphitization of G-C 26 
scaffold [31, 32]. XPS verified differences between oxidized carbon functional groups of G-C 27 
scaffold, GO-cellulose scaffold, and uncoated cellulose scaffold (Fig. 2E and S1B-C). The C 28 
1s spectra were deconvoluted into five carbon related functional groups, which mainly consist 29 
of C=C, C-C, C-O, C=O and O-C=O at 284.8, 285.6, 286.8, 287.8 and 289.1, respectively [33]. 30 
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Referring to Fig. S1B-C, C=C, C=O and O-C=O groups appeared following GO coating of 1 
cellulose scaffold, affirming coating procedure. The oxidized carbon ratio decreased from 53.9% 2 
(GO-cellulose scaffold) to 39.2% (G-C scaffold), indicating efficient de-oxygenation 3 
processed through chemical reduction of GO. 4 
 5 
3.2. Electrode characterisation 6 
Electrochemical performance of G-C scaffold electrode was investigated and compared 7 
with Au electrode. CV was used to determine the charge storage capacity (Fig. 3A). Due to the 8 
enhanced water window of carbon material compared with metal material [34], charge storage 9 
capacity of G-C electrode (0.966 mC/cm2) was 1.09 fold higher than that of Au electrode (0.462 10 
mC/cm2). Increased charge storage capacity supports the use of G-C scaffold electrode for ES 11 
application due to its capacity for transferring charge. As shown in Fig. 3B, G-C scaffold 12 
electrode showed lower impedance compared with Au electrode at low frequencies (0.1-150 13 
Hz), indicating its energy efficiency with higher charge injection capability [35]. Reduced 14 
electrode impedance can also influence the noise of electronics and electrical interference of 15 
the electrode itself, further supporting its potential for additional scaling down [36]. 16 
Furthermore, EIS and surface morphology of G-C scaffold electrode remained stable after 1000 17 
treated cycles during CV (Fig. S2A-B), indicative of stable performance over long-term ES. 18 
 19 
3.3. Characterisation of assembled ES device 20 
The G-C scaffold-based ES device comprised ES chambers for culturing and treating 21 
cells in vitro (Fig. 4A-B). The fabrication strategy is flexible for scale-up both in terms of 22 
number of chambers included and working area for cell culture and ES. For ES, symmetric 23 
biphasic square pulses with a calculated electrical field generation ranging from 0 to 20 V/cm 24 
at a frequency of 1 Hz and pulse of 200 ms were applied (Fig. 4C).  25 
 26 
3.4. Evaluation of ES on ADSC viability under different applied voltages 27 
Since the magnitude of the biphasic square pulses has an effect on cell viability, a series 28 
of electrical fields with different strengths were applied to determine optimal ES. As shown in 29 
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Fig. 5A-D, higher electrical fields (10 and 20 V/cm) were associated with markedly higher 1 
levels of dead cells, while a lower electrical field (1 V/cm) had no adverse effect on cell 2 
viability. Therefore, 1 V/cm with a current density of approximately 300 μA/cm2 was applied 3 
for subsequent ES experiments. 4 
 5 
3.5. Evaluation of long-term ES on ADSC viability and orientation 6 
Applied electric current can direct the orientation of cells, with cells on supporting G-7 
C scaffold observed to have alignment perpendicular to the electric current direction following 8 
5 days culture and ES (Fig. 6 A-B), which is consistent with previous reports [37, 38]. This 9 
phenomenon may be relevant to ADSC differentiation based on published evidence for stem 10 
cell alignment affecting cell fate [39]. Also notable, high cell viability with no visible signs of 11 
scaffold degradation were apparent after 28 days culture with ES, supporting the use of the 12 
platform for longer-term cell support, including differentiation for tissue formation, evaluation 13 
and, therefore, modelling (Fig. S3A). The probability density of cell orientation has a narrow 14 
peak near 90° for ADSCs cultured with ES (Fig. S3A-B), while ADSCs cultured without ES 15 
showed random orientation (Fig. S3C-D). Importantly, the supporting G-C scaffolds remained 16 
intact and conductive after 28 days ES, further validating their stability and application as long-17 
term electrical conductors. 18 
 19 
3.6. Effect of ES on proliferation and osteogenic differentiation of ADSCs  20 
Exogenous ES can alter cell transmembrane potential, which may have a positive effect 21 
on cell proliferation [12]. As shown in Fig. 7, ES for 21 days resulted in a continuing increase 22 
in ADSC proliferation for the duration of study, while proliferation of cells without ES 23 
increased up to Day 14. The number of cells in samples with ES on Day 21 was 1.6 fold higher 24 
than the peak value for samples without ES on Day 14. Statistical analysis revealed that ES (F 25 
(1, 50) = 306.32, P < 0.0001) and day (F (4, 50) = 519.36, P < 0.0001) significantly affected 26 
cell proliferation, as well as the interaction between ES and day (Overall two-way ANOVA, F 27 
(4, 50) = 23.81, P < 0.0001). More specifically, Bonferroni-post hoc analysis indicated that 28 
ADSC proliferation with or without ES treatment was significantly different (P < 0.01), except 29 
for day 14 and day 21. These data corroborate our previous report of the cytocompatibility of 30 
11 
 
G-C scaffold [20], and substantiate the ES device for augmenting cell growth over extended 1 
culture and stimulation.  2 
Mineral deposition is a key indicator of ADSC osteogenic differentiation [40]. After 3 
being stained with Alizarin Red S, more extracellular mineral deposition of ADSCs could be 4 
observed on G-C scaffold electrodes in osteogenic differentiation medium, being further 5 
enhanced by ES treatment (Fig. 8A-D). Quantifying by colorimetric detection demonstrated 6 
higher mineral deposition of samples cultured in differentiation medium compared to normal 7 
growth medium, with the effect of differentiation medium significantly bolstered by ES (Fig. 8 
8E). Statistical analysis revealed that ES (F (1, 20) = 122.94, P < 0.0001) and medium (F (1, 9 
20) = 193.60, P < 0.0001) significantly affected ADSC mineral deposition, as well as the 10 
interaction between ES and medium (Overall two-way ANOVA, F (1, 20) = 82.38, P < 0.0001). 11 
Specifically, Bonferroni-post hoc analysis indicated that mineral deposition of ADSCs was 12 
significantly different with or without ES treatment (P < 0.01), and with different culture 13 
medium (P < 0.01). Overall, ES can accelerate the osteogenic differentiation of ADSC, which 14 
is consistent with previous reports [8].  15 
As an early osteogenesis marker [41], ALP expression in ADSCs was quantitatively 16 
analysed, indicating that ALP expression within ADSCs cultured in differentiation medium 17 
with ES treatment (ADSCs+DIF+ES) was significantly higher than ADSCs cultured in growth 18 
medium with ES (ADSCs+GRO+ES) and ADSCs in osteogenic differentiation medium 19 
without ES (ADSCs+DIF) (Fig. 9). This phenomenon may be due to the synergistic effect of 20 
ES and osteogenic induction factors in differentiation medium. Expression of ALP peaked at 21 
Day 7 for ADSCs+GRO+ES and ADSCs+DIF, but continued to increase for ADSCs+DIF 22 
+ES. ALP activity for ADSCs+DIF+ES at Day 14 was 3.6 fold and 2.7 fold higher than the 23 
peak value of ADSCs+GRO+ES and ADSCs+DIF, respectively. Not surprisingly, ALP 24 
expression for ADSCs+GRO+ES was similar to that for ADSCs+DIF, indicating an inductive 25 
effect of ES and graphene on osteogenic differentiation, independent of other inducers, which 26 
is consistent with previous reports [7, 15]. Statistical analysis revealed that both ES (F (2, 60) 27 
= 75.08, P < 0.0001) and day (F (3, 60) = 43.13, P < 0.0001) significantly affected ALP activity 28 
within ADSCs, as well as the interaction between ES and day (Overall two-way ANOVA, F 29 
(6, 60) = 24.12, P < 0.0001). Specifically, Bonferroni-post hoc analysis indicated that ALP 30 
activity within ADSCs was significantly different with or without ES (P < 0.01), and with 31 
12 
 
different culture medium (P < 0.01). These results further demonstrate augmentation of ES on 1 
osteogenic differentiation of ADSCs [42]. 2 
 3 
4. Conclusion 4 
We present here the fabrication and utility of a miniaturized, multi-chamber ES device 5 
that incorporates our previously described cell supporting G-C scaffold. The as-developed ES 6 
device can be employed for in vitro ADSC proliferation and osteogenic differentiation without 7 
compromising the integrity and electrical performance of the G-C scaffold for at least 21 days. 8 
The device can be easily assembled with our previously developed conductive G-C scaffold 9 
and commercially available cell culture chamber(s), with further development of more 10 
complicated and customized ES devices being feasible. ADSCs stimulated by biphasic square 11 
pulses via the ES device showed increased proliferation, mineral deposition and ALP 12 
expression compared to control samples without ES treatment. Altogether, studies of our 13 
platform demonstrate efficacy for stable cell support and enhanced differentiation over 14 
extended culture with ES, consistent with previous reports of external stimulation effects on 15 
cells [13-15]. The device may be useful in research for tissue engineering and modelling, as 16 
well as prospective therapeutics, including preclinical assays for drug screening and tissue 17 
development for regenerative medicine. The latter is supported by evidence for graphene based 18 
materials being able to promote in vivo bone repair and reconstruction [43, 44], in vivo 19 
biocompatibility of cellulose [45], and the recognised benefits of ES for bone healing. 20 
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 1 
Fig. 1. Assembly of a G-C scaffold-based ES device. 2 
  3 
20 
 
 1 
Fig. 2. Characterization of G-C scaffold. (A-C) SEM images of G-C scaffold at different 2 
magnifications (X50, X2000, and X4000). (D) Raman spectrum of G-C scaffold. (E) XPS 3 
spectrum of C 1s of G-C scaffold. 4 
 5 
 6 
Fig. 3. Electrochemical characterisation of Au and G-C scaffold electrodes. (A) Cyclic 7 
voltammogram and (B) EIS of Au electrode and G-C scaffold electrode.  8 
 9 
21 
 
 1 
 2 
Fig. 4. Characterisation of ES device and applied ES. (A, B) Schematic and photograph of G-3 
C scaffold-based ES device, respectively. (C) Waveform of applied symmetric biphasic square 4 
pulses via G-C scaffold.   5 
 6 
22 
 
 1 
Fig. 5. Viability of ADSCs under different applied voltage in ES. Live (Calcein AM; green) 2 
and dead (PI; red) ADSC staining following exposure for 1 h to electrical field (A) 0, (B) 1, 3 
(C) 10 and (D) 20 V/cm with phase duration of 1 s and interphase interval of 200 ms. 4 
 5 
  6 
23 
 
Fig. 6. (A, B) ADSC viability and alignment under 5 days ES. Live (Calcein AM; green) and 1 
dead (PI; red) ADSC staining following 5 days culture and ES at 1 V/cm with phase duration 2 
of 1 s and interphase interval of 200 ms. 3 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
Fig. 7. Time course of ADSC proliferation (quantified by PrestoBlue® assay) up to day 21 of 12 
cell culture in the G-C scaffold-based ES device. Mean ± standard deviation, n=3, P < 0.01 13 
(ES Day 21 vs all the comparisons; ES vs Non ES on Day 3, 7 and 14; ES Day 1 vs ES Day 3, 14 
7 and 14; ES Day 3 vs ES Day 7 and 14; ES Day 7 vs ES Day 14; Non ES Day 1 vs Non ES 15 
Day7, 14 and 21; Non ES Day 3 vs Non ES Day7, 14 and 21; Non ES Day 7 vs Non ES Day 16 
14 and 21). 17 
24 
 
 1 
Fig. 8. Extracellular mineral deposition of ADSCs assessed by Alizarin Red S staining after 2 
culture for 3 weeks (A) with or (C) without ES in differentiation (DIF) medium, and (B) with 3 
or (D) without ES in ADSC growth (GRO) medium. (E) Mineral deposition was quantified by 4 
using Alizarin Red S staining with colorimetric detection at 450 nm. Mean ± standard 5 
deviation, n=3, P < 0.01 (DIF medium vs GRO medium with both ES and Non ES; ES DIF 6 
medium vs Non ES DIF medium). 7 
 8 
 9 
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 1 
Fig. 9. Time course of ALP activity of ADSCs up to day 14 of ES and osteogenic 2 
differentiation. Test samples were compared with ADSCs cultured in DIF medium or GRO 3 
medium with ES or ADSCs cultured in DIF medium without ES. Mean ± standard deviation, 4 
n=3, P < 0.01 (ES+DIF medium Day 14 vs all the comparisons; ES+DIF medium Day 7 vs 5 
ES+DIF medium Day 1 and Day 3; Non ES DIF medium Day 1 vs Non ES DIF medium Day 6 
7; ES+DIF medium Day 7 vs ES+DIF medium and Non ES DIF medium Day 7).  7 
 8 
